In Streptococcusfizeciurn inhibition by both benzylpenicillin and cefotaxime of cells growing at maximal and at reduced rates was associated with saturation of different penicillin-binding proteins. Cells growing at reduced rates were not inhibited by benzylpenicillin concentrations that saturated all penicillin-binding proteins except penicillin-binding protein 5, but did stop growing when this protein was saturated.
I N T R O D U C T I O N
An important step towards understanding the specific functions that penicillin-binding proteins (PBPs) perform in bacteria (Spratt, 1975; Tomasz, 1979; Matsuhashi et al., 1982; Waxman & Strominger, 1983) would be the clarification of interactions between them and regulation of their activity in relation to the physiological status of the cells. From studies with plactam resistant mutants, several authors have suggested that certain PBPs can compensate for the loss of activity of others (Suzuki et al., 1978; Giles & Reynolds, 1979; Brown & Reynolds, 1980; Fontana et al., 1980 Fontana et al., , 1983a Wyke et al., 1982; Hartman & Tomasz, 1984) and the hypothesis has been proposed that function and activity of PBPs can vary depending on the physiological status of the cells (Fontana et al., 1983a) . In this study we examine growth inhibition of Streptococcus faecium by both benzylpenicillin and cefotaxime.
METHODS
Bacterial strains and growth conditions. Streptococcusjaecium PS is a penicillin susceptible strain used in previous studies (Fontana et ul., 1980 . Streptococcus tuecium R5, R20 and R40 are penicillin resistant mutants isolated from strain PS by serial culture in a medium containing increasing concentrations of penicillin (Fontana et al., 19836) . Streptococcus jhecium Rev 14 is a penicillin hypersusceptible strain, derived from strain R40, isolated after growth in the presence of novobiocin according to the procedure described by Eliopoulos et al. (1982) (Fontana et al., 1985) .
Bacteria were grown in a chemically defined medium (CDM; Shockman, 1963) 
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inoculum (lo7 bacteria ml-l, final density) of exponential phase organisms was used. MICs were determined by visual inspection for lack of turbidity after 18 h incubation at 30 or 45 "C without shaking. Studies oJ'PBPs. Bacteria in early exponential growth phase were inoculated into batches of CDM ( lo7 bacteria ml-I , final density) containing an appropriate p-lactam. Cultures were incubated for 60 min at 30 or 45 "C without shaking. A sample containing approximately 4 mg bacteria (dry weight) was taken, centrifuged (3000g, 10 min), suspended in 100 pl 10 mhl-sodium phosphate buffer containing [3H]benzylpenicillin (48-5 pg ml-I, final concentration) and incubated at the same temperature as was the culture before suspension. Control samples were preincubated in medium containing no antibiotic before exposure to the radioactive penicillin. Lysozyme, DNAase and RNAase were then added to the samples at final concentrations of lOOygml-l, 5ygml-l and 2-5 yg ml-I, respectively. Cell suspensions were incubated at the same temperature as used for growth until cell lysis occurred (30min). The lysed cells were then resuspended in 10ml cold sodium phosphate buffer and membranes were pelleted at lOOOOOg for 60min in a Beckman model L ultracentrifuge. Membranes were suspended in 50 p1 sample dilution buffer containing 0.2 M-Tris/HCl buffer (pH 6.8), 3% (w/v) SDS, 30% (v/v) glycerol. 16% (v/v) mercaptoethanol and 0.0020/: (v/v) bromophenol blue and immediately heated to 100 "C for 2 min. The sample was then applied to a polyacrylamide slab gel. Electrophoresis and PBP detection were done as described previously (Fontana et al., 1980 (Fontana et al., , 1983a . Fig. 1 and Table 1 show results of a typical competition experiment where growing cells were treated first with increasing concentrations of non-radioactive benzylpenicillin and then with a saturating concentration of the radioactive antibiotic. It was evident that in cells growing at the maximal rate (in CDM at 45 "C), a concentration of non-radioactive benzylpenicillin equal to the minimum inhibitory concentration (MIC) bound PBPs 1, 2 and 3, but completely saturated only PBP 3. This PBP was the only one that did not bind the radioactive benzylpenicillin added afterwards and did not appear in the fluorogram. In contrast, in cells growing in CDM at the sub-optimal temperature of 30 "C, concentrations of non-radioactive benzylpenicillin (4 pg ml-l), which caused virtually complete saturation of all PBPs except PBP 5, were not inhibitory and growth was inhibited only in the presence of the minimal antibiotic concentration needed to saturate completely PBP 5 (8 pg ml-l).
R E S U L T S
Previous studies with isolated membranes had shown that cefotaxime had a very low affinity for PBPs 4, 5 and 6 while showing an affinity similar to that of benzylpenicillin for all other PBPs (Coyette et af., 1983). Fig. 2 shows results of a typical competition experiment in which growing cells of S . Jbeciurn PS were treated first with increasing concentrations of nonradioactive cefotaxime and then with a saturating concentration of radioactive benzylpenicillin. As expected, in whole cells grown both at the maximal rate (45 "C) and at a reduced rate (30 "C) cefotaxime showed a very low affinity for PBPs 4,5 and 6 (which it saturated at a concentration of 2000 pg ml-l) and an affinity for the other PBPs that was close to that of benzylpenicillin. The MIC of cefotaxime was very close to that of benzylpenicillin in cells growing at the maximal rate (0.02 versus 0.04 pg ml-l), but in cells growing at the reduced rate it was 250-fold higher (2000 versus 8 pg ml-l) ( Table 2) . At both temperatures PBPs 2 and 3 and PBPs 4,5 and 6 appeared to have the highest and the lowest affinity, respectively, for this antibiotic. PBPs2 and 3 were saturated by a cefotaxime concentration equal to the MIC of the cells grown at the maximal rate, while PBPs 4, 5 and 6 were saturated by a concentration equal to the MIC for cells grown at a reduced rate (Table 2) .
We have previously shown (Fontana et af., 19836) that S. faeciurn strains resistant to benzylpenicillin overproduce PBP 5 and that in these strains this PBP is the only one necessary for cell growth. Table 2 shows that in these mutants resistance to benzylpenicillin and cefotaxime was equal in cells growing at 30 and 45 "C. The MIC of cefotaxime was much higher than that of benzylpenicillin and, in both cases, corresponded to the amount of antibiotic necessary to saturate PBP 5, while PBPs 4 and 6 were saturated at lower concentrations.
We have recently isolated and investigated the characteristics of the S. faeciurn Rev 14 mutant that is hypersusceptible to benzylpenicillin and which did not appear to synthesize any PBP 5 (Fontana et af., 1985) . This strain showed a generation time very close to that of the parent at both 30 and 45 "C. Table 2 shows that the MICs of benzylpenicillin and cefotaxime for strain Rev 14 were the same at both 30 and 45 "C. In addition the MICs were very close to that of strain one growing at 30°C and the other at 4 5°C were treated for 60min with non-radioactive benzylpenicillin at several concentrations. An additional sample was left untreated as a control (C). Cells were immediately harvested by centrifugation and PBPs were labelled and visualized as described. Table 1 . Benzylpenicillin MICs, generation times and extent of saturation of the various PBPs by non-radioactive benzylpenicillin in S . faecium PS grown in CDM at two diferent temperatures
The results are from the experiments represented in Fig. 1 and are the mean of three separate experiments. The amount of radioactivity bound to PBPs was estimated by microdensitometry of the fluorograms with a Joyce Loebl MK3CS densitometer. PS growing at 45 "C and corresponded to an antibiotic concentration that saturated PBP 3 alone in all strains at both temperatures (see also Fontana et al., 1980) . This finding suggested that in the penicillin hypersusceptible strain the target for growth inhibition was the same under all the experimental conditions tested. Hence PBP 5 appeared to be necessary for S . faecium cells to become more resistant to p-lactams when growing at a reduced rate.
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Fig. 2. Competition between cefotaxime and radioactive benzylpenicillin for binding to PBPs of S.
Jbeciurn grown at 30 "C (a) and 45 "C (b). Experiments were done as described in the legend to Fig. 1 except that cefotaxime at various concentrations was used instead of non-radioactive benzylpenicillin. 
faecium P S and penicillin resistant and hypersusceptible mutants grown at two difleren t temperatures
The results are the mean of three separate experiments.
Concn (pg ml-l) of benzylpenicillin MIC (pg ml.-') for:
Concn ( * Determined in vivo by binding with non-radioactive antibiotic and saturating with labelled penicillin as described in the legend to Fig. 1 . The concentration is the minimum that caused complete disappearance of PBP from the fluorograms. All other PBPs of the mutants were saturated by the same benzylpenicillin concentrations that saturated the parent PBPs. PBP 5 was not synthesized by strain Rev 14.
PBP 1 was saturated by the same concentration of cefotaxime in strain PS and in the mutants.
In the in vivo PBP binding experiments described above bacteria were incubated with plactams for 60 min, a time that in some micro-organisms might be sufficient to cause cell lysis particularly when concentrations above the MIC are used. However, S . faecium has proved to be rather resistant to lysis by both benzylpenicillin and cefotaxime. In fact concentrations of PBP functions and penicillin targets 629 benzylpenicillin up to 8 pg ml-l and concentrations of cefotaxime up to 2000 pg ml-l at both 30 and 45 "C allowed the optical density of the culture to increase for at least 90 min (Fig. 3) . The rate of increase in the optical density decreased as the antibiotic concentration increased, but was, in all cases, clearly evident (Fig. 3 ).
In the experiments described above different growth rates were obtained by changing the temperature of incubation. To exclude the possibility that the different susceptibilities observed under the different conditions of growth could be direct effect of temperature and not related to the growth rate, we evaluated both the penicillin MIC and the binding of the antibiotic to PBPs in S. faecium growing in different media at the same temperature. In SB medium incubated at 37 "C the generation time of S. faecium was 26 min, whereas in diluted SB incubated at the same temperature it was 61 min ( Table 3 ). The susceptibility to P-lactams was higher in fast growing cells than in slow growing cells whereas the affinity of PBPs for p-lactams did not change. These findings also show that when S . faecium cells are incubated at the same temperature in media that permit growth at different rates, different concentrations of P-lactams are required to inhibit growth, which is consistent with the interpretation that the inhibition of different PBPs is responsible for growth inhibition at fast and slow rates.
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These studies show that the PBPs which must bind and be saturated, either by benzylpenicillin or by cefotaxime, to cause growth inhibition are different in fast and slow growing cells. This finding demonstrates that in wild-type S . faecium different PBPs are essential in fast growing cells and in cells growing at a reduced rate and indicates that a PBP does not necessarily fulfil the same role under all conditions but that its function depends on the physiological status of the cells, as previously suggested (Fontana et al., 1983~) . Such a finding has implications for understanding the functions of PBPs in cell physiology and the way in which their activity is regulated. It is possible also that in other micro-organisms PBPs that are indispensable under some growth conditions may become dispensable under other growth conditions.
The competition experiments with non-radioactive benzylpenicillin have shown that PBP 3 (and possibly 1 and 2) activity is necessary in fast growing cells, while PBP 5 alone is sufficient for cell growth at a reduced rate. Previously (Fontana et al., 1983b) we showed that enhanced amounts of PBP 5 can take over the functions of all other PBPs, even at the maximal growth rate (Table 2) . Other authors have shown that p-lactam resistant Staphylococcus aureus strains overproduce a PBP which allows the cells to grow in the presence of p-lactam concentrations which saturate all other PBPs (Wyke et al., 1982; Hartman & Tomasz, 1984) . However it must be stressed that the case we describe in this paper is rather different since it involves a normal wild-type strain in which one of the PBPs becomes the only essential one during growth at submaximal rates. Since this PBP has a much lower affinity for P-lactams than the other PBPs, the growth conditions under which PBP 5 alone is essential for cell growth cause a shift in the target for the inhibitory action of /I-lactams. This may explain the fact that susceptibility of S. faecium to P-lactams is greatly influenced by changes in growth conditions (Fontana et al., 1983a; Hinks et al., 1977) . A similar explanation could also apply to other bacteria whose sensitivity to 8-lactams is influenced by their growth rate (Annear, 1968; Thrupp, 1980) . We proposed previously (Fontana et al., 1983a) that the mechanism of growth inhibition by 8-lactams is indirect and not constant and depends on which PBP is indispensable and the affinity of this protein for these antibiotics. The results reported here that the PBP target for P-lactam inhibitory activity changes according to the physiological status of the cells and that this change is associated with a change in sensitivity to such antibiotics strongly support our previous proposal.
